This paper presents the application of micro wire electrical discharge machining (micro wire-EDM) for profile roughing and final dressing of polycrystalline diamond (PCD) wheels using a specific pulse generator. The pulse generator using anti-electrolysis circuitry and digital signal processor based pulse control circuit was developed to suppress damages on the machined surface of PCD while achieving stable machining. In comparison with wire-EDM, micro wire-EDM could achieve better surface quality and smaller thickness of damaged layer for the fabrication of PCD wheels. A grinding-edge thickness of 3 m could be sharpened by micro wire-EDM compared with an edge-thickness of 6 m for wire-EDM. Experimental results have verified the applicability of micro wire-EDM for the fabrication of PCD wheels.
Introduction
Polycrystalline diamond (PCD) wheels are commonly used to cut thin film transistor liquid crystal display (TFT-LCD) blank with their advantages of high hardness, high toughness, high wear-resistance, and strong corrosion resistance. PCD is a man-made diamond crystal that is sintered with cobalt as a sintering aid at very high temperature and under great pressure. The cobalt fills the interstices between micrometer-sized diamond particles and forms a network to make PCD electrically conducting. Some PCD tool blanks were manufactured by fusing on a cemented tungsten carbide substrate. The carbide substrate provides excellent mechanical support for the polycrystalline diamond layer and imparts toughness to the PCD tool blanks. Both the electrical conductivity of the cobalt and the carbide substrate allows the PCD tool blanks to be effectively and economically machined by wire-EDM.
As demands of PCD tools in manufacturing industry boomed, wire-EDM has been emerging as the most popular machining process for the production of cutting tools from PCD blanks because of its excellence in providing fast, economic, and precision micromachining. However, thermal damage on the machined surface of PCD is unavoidable after wire-EDM. Geometrical accuracy and surface integrity (surface roughness, damaged layer and surface quality) have great influence on cutting-tool life. A larger damaged layer on the machined surface of PCD not only contributes to a decrease of fatigue strength but also leads to a longer time period of grinding process for final finishing and dressing operations of PCD cutting tools. A few studies have been made to present the fabrication of PCD cutting tools by wire-EDM. Suzuki et al. [1] presented the machining process of PCD micro milling tools. Firstly, PCD tool blank was cut to small chips by wire EDM. Then, the PCD chip was bonded on to a tool shank with a silver alloy. Finally, a PCD micro cutting tool was ground and polished with a diamond wheel to generate twenty cutting edges. Fonda et al. [2] presented the fabrication of PCD tools using wire-EDM technology to increase productivity for roughing and achieve best surface finish for finishing. Cheng et al. [3] developed a specially designed six-axis wire-EDM machine for the fabrication of PCD tools. An inverse kinematics model for the six-axis wire-EDM was also proposed to calculate the positions and orientations for the fabrication of tools.
Traditionally, grinding wheels are normally used to true and dress metal bonded diamond wheels for achieving precision tool grinding. Wire-EDM technology offers a lower cost and effeicent alternative with inherent higher accuracy for truing and dressing of metal bonded diamond grinding wheels. Rhony et al. [4] presetned the application of cylindrical wire electrical discharge machining for profile truing of metal bond diamond wheels, which were used to grind silicon nitride workpieces for ceramic grinding application. Klink [5] investigated the capabilities of wire-EDM truing and dressing of fine grain metal bonded diamond grinding wheels and he also presented machining strategies for achieving high profile accuracy. Chen and Chang [6] presented the fabrication of boron-doped PCD wheel by micro rotary wire-EDM using both resistancecapictance (RC) and transistor-controlled discharge circuits.
This paper presents a specially designed pulse generator in micro wire-EDM and its performance for the fabrication of PCD wheels. A novel pulse control method is proposed to enable the pulse generator to generate high-frequency pulse control signals with a period of off-duty cycle. Experimental verification of the developed pulse generator on a prototype micro wire-EDM machine for the fabrication of PCD wheels is shown. The machining results were compared with thosed by standard wire-EDM.
Pulse Generator for Micro Wire-EDM
A specific pulse generator using DSP-based control circuit for micro wire electrical discharge machining of polycrystalline diamond has been developed in our previous study [7] . Figure 1 shows a circuit diagram of the developed pulse generator for micro wire-EDM. The pulse generator including a full-bridge circuit, two snubber circuits and a pulse control circuit can supply both high frequency and very low energy pulses by using transistor-controlled circuitry. In this paper, the negative polarity is specified when the wire electrode is connected to the negative pole. turned off, there exists an excessive discharge energy stored in the spark gap. Therefore, the two snubber circuits driven by MOSFET M 5 and M 6 were designed to absorb the excessive discharge energy stored in the spark gap for positive polarity and negative polarity discharge circuit, respectively. As depicted in Figure 1 , the power source V was preset by a DC power supply (Agilent N6675A) to supply an open voltage across the spark gap. The current-limiting resistors R 1 and R 2 connected in series with the discharge circuit were designed as 3 and 3 , respectively. Since the current-limiting resistors R 1 and R 2 are fixed at a constant value, the power source V is the dominant influence in peak current of each spark. The function of the current-limiting resistors R 3 is to absorb the excessive discharge energy stored in the spark gap and its value was set as 600 . The diode D 1 connected in serial with the DC power source serves the purpose of suppressing the excessive discharge energy stored in the sparking gap so as to protect the four MOSFETs M 1 , M 2 , M 3 and M 4 and the power source V. A necessary precaution regarding proper timing control should be taken to protect both MOSFETs on one side of the bridge (M 1 and M 2 or M 3 and M 4 ) from being turned on at the same time. Otherwise, not only the power source would be shorted to ground, but also the four MOSFETs could be severely damaged. In order to enable the pulse generator to provide highfrequency and very low energy pulses, a novel pulse control method has been proposed. Figure 2 illustrates the timing chart of the pulse control signals and associated pulse trains of wire-EDM for the developed pulse generator. P 1 , P 2 , P 3 , P 4 , P 5 and P 6 are the pulse control signals of the MOSFETs M 1 , M 2 , M 3 , M 4 , M 5 and M 6 , respectively. When the MOSFETs M 1 and M 3 are turned on through the pulse control signals P 1 and P 3 , respectively, a preset open voltage is supplied to the spark gap and a spark occurs between the wire electrode and workpiece while producing a discharge current with short duration of. After each discharge, the MOSFETs M 1 and M 3 are turned off to cut off the supply of the power source, and the MOSFET M 5 is turned on through the pulse control signal P 5 , an excessive discharge energy stored into the inductive part of the negative polarity discharging path is directed to the resistor R 3 . Correspondingly, this pulse control method offers the same function for the positive polarity discharge circuit driven by the MOSFETs M 2 and M 4 .
As depicted in Figure 2 , one time period of negative polarity and one time period of positive polarity constitutes one duty cycle. By supplying high frequency bipolar pulses, electrolytic corrosion and oxidization during the micro wire-EDM process can be reduced. By counting the number of duty cycle, the pulse generator can provide a period of off duty cycle followed by a period of duty cycle. The number of the duty cycle can be preset as 5-20 and the period of off duty cycle can be predetermined as 10-20 s for achieving better flushing condition. PCD tools blank contains nonconductive diamond particles which could not be evaporated and eroded away by micro wire-EDM and therefore there could produce a large amount of debris in the spark gap during the erosion process. As a result, the debris particles stagnated in the machined kerf could contaminate the spark gap. Accordingly, a longer pulse interval of 10-20 s followed by a continuous supply of discharge pulses was helpful in adequately removing the debris particles and cooling the working gap, thus avoiding the occurrence of short circuits and wire breakage. In this paper, a TMS320F2812 digital signal processor (DSP) card is employed to generate the pulse control signals for easy modification purposes. Figure 2 Timing chart of the pulse control signals and associated pulse trains of micro wire-EDM. Figure 3 shows geometrical specification of a PCD wheel. Inner and outer diameters are 1.5 mm and 6.0 mm, respectively. To compromise between machining speed and thermal damages on the machined surface of PCD, power settings should be carefully selected for rough machining the shape of PCD wheels using only circular program paths. Figure 4 depicts the principle of micro wire-EM dressing. Higher spindle speed is more favorable for better flushing and cooling. Low discharge energy is appropriate for the dressing operation of PCD wheels to minimize thermal damages on the edge part of PCD wheels. Linear program paths with a feedrate of 0.07 mm/min were used to sharpen the grinding edge of PCD wheels. The specific pulse generator has been successfully integrated into a prototype micro wire-EDM machine as described in our previous study [8] . Some machining tests about the fabrication of PCD wheels were conducted and their machining results were compared with those by a commercial wire-EDM machine (JSEDM W-A30). A rotating spindle with a speed range 0-250 RPM (GROMAX RS200) is used for the dressing operation of PCD wheels. Figure 5 shows the experimental set-up of micro wire-EDM dressing. Tungsten wire with a diameter of 0.05 mm and brass wire with a diameter of 0.25 mm are used as the wire electrode for the micro wire-EDM and wire-EDM machines, respectively. Polycrystalline diamond blank with a diameter of 50 mm is used as the workpiece material. The material consisted of diamond grains with a diameter of 2 m located in a cobalt binding phase on a tungsten carbide substrate. The PCD layer is 0.5 mm thick and the tungsten carbide layer is 1.1 mm thick. The melting point, thermal conductivity and specific heat of PCD is 3700 o C, 540 W/mK and 0.512×103 J/ (kg K) at 20 o C, respectively [9] . The machining parameters used in the micro wire-EDM process are listed in following. pulse on-time: 0.5 s, pulse off-time 2 s, duty cycle: 5 s, off-duty cycle: 20 s, wire tension: 150 gf, wire feed: 3 m/min, water resistivity: cm K , feedrate: 2 mm/min. on the other hand, the machining parameters used in the wire-EDM process are listed below. pulse on-time: 0.1 s, pulse off-time 10 s, wire tension: 800 gf, wire feed: 3 m/min, water resistivity: 150 cm K , feedrate: 1.5 mm/min. A digital oscilloscope (Tektronix MOS-3034) with a specially designed current probe (Tektronix TCP0150) was employed to measure discharge voltage and current waveforms for pulse train analysis. Surface finish of machined surface was measured using a laser scanning confocal microscope (KEYENCE VK-9710). A scanning electron microscope (SEM) (Hitachi S-2150) was used to obtain the images of PCD surface for evaluating the surface quality. Figure 6 shows gap voltage and current waveforms of micro wire-EDM and wire-EDM. Micro wire-EDM can provide a peak current of 7.9 A with discharge duration of 960 ns compared with a peak current of 80 A with discharge duration of 1.07 s for wire-EDM. As shown in the upper part of Figure 6 , numbers 1 and 2 point to pulse trains of gap voltage and gap current, respectively during a time period of 40 milliseconds. It also can be observed from oscilloscope that bipolar gap voltages were generated by micro wire-EDM and wire-EDM, whereas, alternating currents were produced by micro wire-EDM and direct currents were generated by wire-EDM. Figure 7 shows the edge part of PCD surface machined by micro wire-EDM and wire-EDM, respectively. It can be seen from this figure that micro wire-EDM can achieve a damaged layer of 10 m compared with a damaged layer of 20 m for standard wire-EDM. Micro wire-EDM can achieve a surface finish of 0.98 m R a compared with a surface finish of 1.22 m R a for wire-EDM. Obviously, wire-EDM can provide much more discharge energy than micro wire-EDM and thus cause larger thermal damages on the machined surface of PCD, leading to a larger thickness of damaged layer and a rougher surface. Figure 6 Pulse waveforms of (a) micro wire-EDM and (b) wire-EDM. ( (a) 100 V/div for gap voltage, 5 A/ div for gap current, time scale is 4us/ div and (b) 100 V/div for gap voltage, 50 A/ div for gap current, time scale is 4us/ div).
Fabrication of PCD wheels by micro wire-EDM

Experimental Results
Edge-thickness
Edge-thickness Figure 8 shows SEM photographs of PCD surface machined by micro wire-EDM and wire-EDM, respectively. It can be found that wire-EDM can provide higher discharge energy than micro wire-EDM and thus produces the melting and evaporation of larger craters on the machined surface of PCD and furthermore, the superposition of the larger craters generates rougher surface. Figure 9 compares SEM images of PCD wheels fabricated by micro wire-EDM and wire-EDM. The grinding edge of a PCD wheel can be sharpened to a thickness of 3 m by micro wire-EDM compared with an edge-thickness of 6 m by wire-EDM. With the aid of sub-micrometer resolution of linear motor drive system, micro wire electrode and much smaller discharge energy provided by the specific pulse generator, micro wire-EDM can achieve thinner edgethickness and better finishing surface quality for the fabrication of PCD wheels than wire-EDM. Figure 10 shows Raman spectra of PCD wheels. As depicted in Figure 10 , the Raman spectrum obtained before machining presents a sharp intense at 1338 cm -1 which can be assigned to diamond structures containing a few tungsten carbide and cobalt contents [10] . Shroder and Nemanich [11] investigated the composites of crystalline and amorphous diamond and graphitic structures using Raman spectroscopy. Their research analysis has shown that Raman shift peaks at 1332 cm -1 and 1585 cm -1 are indicative of natural diamond and graphite (sp 2 -bonded carbon), respectively, while the sharp features at 1350 cm -1 and 1580 cm -1 indicate disordered graphite (sp 2 -bonded carbon) and amorphous graphitic regions (sp 2 -bonded carbon), respectively. Chen et al. [12] analyzed the evolution of Raman spectra using Lorentzian function to fit the two main peaks 1350 cm -1 and 1580 cm -1 , which are designated the so-called D-band and G-band, respectively. The shifts in the Dband and G-band positions and D/G intensity ratio depend on the structure of carbon. Therefore, the Raman spectrum in Figure 10 obtained after wire-EDM and micro wire-EDM shows two sharp peaks at 1507 cm -1 and 1376 cm -1 which are closely related to amorphous graphite and disordered graphite, respectively. Howes [13] pointed that diamond is thermodynamically unstable form of carbon at normal pressure and it could convert to graphite at temperature above 1700 o C and atmospheric pressure. During the discharge process, energy densities can reach up to 3 J/mm 3 and thus, causing local plasma temperatures to reach as high as 40000 K [14] . At such high temperature, diamond inevitably transforms to graphite. The Raman spectroscopy analyses indicated the surface graphitization of PCD wheels attributable to thermal damages to the diamonds during the wire-EDM process. Figure 10 Raman spectra of PCD wheels. Table 1 shows a comparison on machining results between micro wire-EDM and wire-EDM. These experimental results not only verified the applicability of the specific pulse generator in micro wire-EDM, they also demonstrated that micro wire-EDM could achieve better machining performance for the fabrication of PCD wheels than wire-EDM. Machining time (min) 17.6 29.4
Conclusion
By applying a specific pulse generator, a PCD wheel with a grinding-edge thickness of 3 m has been successfully fabricated by micro wire-EDM. Micro wire-EDM could achieve smaller thickness of the damaged layer, better surface quality, less machining time and thinner grinding-edge for the fabrication of PCD wheels than wire-EDM since the former could provide much smaller discharge energy and higher machining accuracy than the latter. The Raman analyses have confirmed the transformation of diamond to non-diamond carbon (sp 2bonded carbon) had occurred due to the thermal effects during electrical discharge machining. This study has presented the potentiality of micro-EDM for final dressing operation of PCD wheels.
